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Abstract: Developing efficient and leaching-resistant heterogeneous Rh catalysts for the
hydroformylation of sterically hindered olefins remains a formidable challenge. Herein, we report a
ligand-free heterogeneous Rh catalyst (Rh/N-AC-T), featuring a proximal dual-active-site architecture, in
which Rh single atoms and nanoclusters are co-anchored on nitrogen-doped carbon (Rh/N-AC-T). The
optimized Rh/N-AC-650 catalyst exhibits outstanding catalytic performance in the hydroformylation of
diisobutylene (DIB), delivering high catalytic activity, excellent structural stability, and negligible Rh
leaching during continuous-flow operation for over 200 h. Comprehensive spectroscopic characterizations
combined with density functional theory calculations suggest that the intimate coupling between adjacent
Rh single atoms and nanoclusters modulates the Rh electronic structure and the adsorption balance of
H. , DIB, and CO. The dual-site interface facilitates H. activation and lower the relative energy barrier
for the rate-determining CO-insertion step, accounting for the enhanced hydroformylation performance.
Meanwhile, pyridinic N species within the carbon framework benefit for the stronger interactions
between Rh species and support, thereby helping suppress Rh aggregation and leaching under harsh
reaction conditions. This work establishes proximal Rh single atom-nanocluster dual sites as an effective
design strategy for constructing high-performance, ligand-free heterogeneous catalysts for challenging
carbonylation reactions.

Keywords: hydroformylation, ligand-free heterogeneous Rh catalyst, synergistic catalysis, sterically

hindered olefins, single atoms



1 Introduction
The hydroformylation of olefins has evolved into a cornerstone industrial process for the synthesis of Ci+
aldehydes and their derivatives, including alcohols, acids, amines, and esters, with a global annual
production capacity exceeding 12 million tons. [?] Industrially, hydroformylation relies predominantly on
homogeneous Rh catalysts modified with phosphine ligands. B Although these catalysts exhibit superior
activity and high chemo- and regioselectivity, their industrial application is often hampered by the
arduous separation and the inherent instability of organic phosphine ligands, leading to the loss of
expensive Rh and the generation of phosphorous-containing waste streams. (4! The challenge is further
intensified when dealing with sterically hindered olefins, such as diisobutylene (DIB), due to their
sluggish kinetics and requirement of harsh reaction conditions. In response, significant efforts have been
dedicated to developing high-performance heterogeneous catalysts, motivated by their practical
advantages such as ease of separation and recyclability, with the ultimate goal of transitioning from
traditional molecular Rh catalysts to heterogeneous systems. These efforts include the encapsulation of
well-defined Rh complexes on the porous materials, 57! Rh grafted to phosphine-modified porous organic
polymers, 1 Rh complexes dissolved in non-volatile ionic liquid supported on solid carriers, ['% and the
formation of solid Rh phosphides. !l Notwithstanding these advances, the heterogeneous catalysts
obtained through these approaches generally suffer from a significant decline in catalytic performance
relative to their homogeneous analogues and still require expensive and air/moisture-sensitive phosphine
ligands.

Alternatively, great effort has been devoted to fabricating ligand-free Rh heterogeneous catalysts to
circumvent the use of phosphine ligands. As a result, a number of supported heterogeneous catalysts have
been reported by dispersing or encapsulating Rh species (e.g., single atoms, nanoclusters, nanoparticles,

and alloys) on or into a solid support such as porous silicas, >4 metal oxides, ['>17] zeolites, [!3-2!] and



others. 2 In particular, downsizing Rh nanoparticles to nanocluster or even single-atom level led to
unexpected results. For instance, Zhang and co-authors reported a seminal work on hydroformylation
catalyzed by a Rh SAC supported on ZnO, which achieves catalytic efficiency comparable to that of the
industrial homogeneous Wilkinson complex, RhCI(PPh3)s, attributable to its maximally exposed Rh sites
with high atom utilization efficiency. ['”) Liu and co-workers developed Rh nanoclusters confined within
the straight channels of MFI zeolites [18,20], which demonstrated not only higher catalytic activity but
also markedly enhanced linear aldehyde selectivity for long-chain o -olefins, with a linear to branched
aldehyde ratio (I/b) exceeding 400, attributed to the unique spatial confinement effect of the zeolite
channels. [23-24]

Despite such impressive outcomes, the hydroformylation of sterically hindered DIB and others over
supported Rh single atoms or nanoclusters remains underexplored. Furthermore, unlike homogeneous Rh
catalysts, which possess high conformational flexibility in solution, the hydroformylation reaction at
isolated Rh sites on a support surface occurs with very limited flexibility, rendering it particularly
challenging for sterically hindered olefins due to the lack of ensemble effect and large steric hindrance.
Likewise, the potential of zeolite-confined Rh nanoclusters for such sterically demanding olefins remains
questionable given the intrinsic size and shape selectivity of zeolites. Moreover, the stability of these Rh
single atoms and nanoclusters remains a critical concern, 32! as they are susceptible to aggregation and
leaching under the harsh conditions of carbonylation, leading to performance degradation. These stability
issues are expected to be even more pronounced in the hydroformylation of sterically hindered olefins,
because much harsher reaction conditions than those required for simple a-olefins are often necessary to

achieve satisfactory performance. Therefore, the development of stable, high-performance ligand-free

heterogeneous Rh catalysts is highly desirable for advancing DIB hydroformylation.



As an important C8 olefin intermediate, DIB consists of two isomers of 2,4,4-trimethyl-1-pentene and
2,4,4-trimethyl-2-pentene, typically in an approximate 80:20 mass ratio. ??% Industrially, DIB is
produced via acid-catalyzed dimerization of isobutene, an abundant C4 feedstock with a global annual
production capacity of 4.0 million tons and a market value of around $4.1 billion derived from refineries
or steam cracking operations. [*) Upgrading DIB into higher-value derivatives is therefore of significant
industrial importance, as it not only extends the downstream C4 value chain but also enables the
production of high-performance products such as specialty lubricants, fuel additives, and plasticizers,
thereby maximizing resource utilization and economic efficiency. Hydroformylation represents one of the
most important routes for converting DIB into value-added, highly branched isononanal (INA, 3,5,5-
trimethylhexanal), a key intermediate that can be further hydrogenated to isononanol or oxidized to
isononanoic acid. These derivatives serve as essential precursors for high-performance plasticizers,
pharmaceuticals, fragrances, cosmetics, and advanced refrigeration lubricants, meeting the growing
demand in the specialty chemicals market. B° However, DIB exhibits significant steric hindrance
stemming from its highly branched structure and the presence of both terminal and internal C-C double
bonds, which endows it with distinctly different reactivity toward hydroformylation. This structural
complexity not only limits substrate accessibility to the catalytic active site but also imposes stringent
requirements on the catalyst’s geometry and electronic properties to achieve effective conversion and
selectivity control.

Considering the above challenges, we herein report a ligand-free, dual-active-site heterogeneous Rh
catalyst that features proximal Rh single atoms and nanoclusters co-anchored on nitrogen-doped carbon
for the challenging hydroformylation of sterically hindered DIB. Systematic optimization of the
calcination temperature yielded the Rh/N-AC-650 catalyst, which exhibits an optimized surface

Rh* /Rh® ratio together with a maximized pyridinic N content. This meticulously designed catalyst



exhibits exceptional catalytic activity and excellent stability. Remarkably, it sustains steady-state
performance for over 200 h under continuous-flow conditions, while maintaining structural integrity
without significant metal leaching. It is also applicable for the hydroformylation of a wide range of
olefins, demonstrating broad substrate generality. Comprehensive characterizations combined with
theoretical calculations reveal that electronic interactions between the proximal Rh single atoms and
nanoclusters impart a synergistic effect. This dual-active-site structure facilitates H> dissociation to
generate key Rh-hydride species, strengthens DIB adsorption while simultaneously moderating CO
chemisorption. This synergy also drastically lowers the energy barrier for the rate-determining CO
insertion step, thereby substantially boosting the overall catalytic activity. Furthermore, pyridinic N
speces in the carbon support are crucial in stabilizing the Rh species against aggregation and leaching,
accounting for high stability. This work establishes a new framework for the rational design of high-

performance and ligand-free heterogeneous Rh catalysts for olefin hydroformylation.
2 Results and Discussion

2.1 Catalyst synthesis and characterization

Figure 1a illustrates the synthesis of a dual-active-site heterogeneous Rh catalyst with isolated Rh
single atoms and nanoclusters co-anchored on nitrogen-doped carbon. The nitrogen-doped activated
carbon support (denoted as N-AC) was prepared by pyrolyzing a physical mixture of activated carbon and
urea under a nitrogen atmosphere at 500 °C, achieving a maximum N content of up to 7.10 wt% (Figure
Sla). N> adsorption—desorption measurements of the N-AC support (Figure S1b) reveal a high specific
surface area of 1336.5 m?-g"! and an average pore size of 4.55 nm, providing an ideal platform for the
dispersion of Rh active sites and efficient mass transport during the reaction. Subsequently, Rh species
were immobilized onto the N-AC support through a conventional incipient wetness impregnation method

followed by calcination at specified temperatures under a nitrogen atmosphere. The resulting materials



were designated as Rh/N-AC-T, where T represents the calcination temperature (T = 550, 650, 750, and
850°C, respectively), while the sample without calcination treatment was denoted as Rh/N-AC.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements reveal that the as-
prepared catalysts had nearly identical Rh loadings regardless of the calcination temperatures, namely
0.43 wt% for Rh/N-AC, 0.42 wt% for Rh/N-AC-550, 0.41 wt% for Rh/N-AC-650, 0.40 wt% for Rh/N-
AC-750, and 0.40 wt% for Rh/N-AC-850, respectively (Table S1), ensuring that performance variations
are attributable to structural differences rather than metal content.

The morphology and dispersion of the Rh species were scrutinized using high-resolution transmission
electron microscopy (HR-TEM), high-angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM), and X-ray diffraction (XRD). HR-TEM and aberration-corrected (AC)
HAADEF-STEM images of Rh/N-AC (Figure 1b and Figure 1g) confirm the exclusive formation of
isolated Rh single atoms uniformly distributed across the support. In contrast, the Rh/N-AC-T samples
exhibit a temperature-dependent evolution of Rh aggregates (Figure 1c-f). The average aggregate sizes
increased from 0.92 nm at 550°C to 3.87 nm at 850°C, indicating that higher calcination temperatures
facilitate the aggregation of isolated Rh single atoms into Rh nanoclusters (<2 nm) or larger, highly
crystalline nanoparticles. This was further evidenced by the observation of well-resolved lattice fringes
with an interplanar d-spacing of 0.190 nm (Figure S2a-b), corresponding to the (200) crystal plane of
face-centered cubic (fcc) metallic Rh. Notably, AC HAADF-STEM images (Figure 1g-k) demonstrate
the coexistence of Rh single atoms (marked with dashed circles) and nanoclusters or nanoparticles
(marked with solid circles) in catalysts, depending on the calcination temperature. Moreover, as the
calcination temperature increased, the population of isolated Rh single atoms gradually decreased, while
Rh aggregates became predominant, in particular, almost no isolated Rh single atoms remained in Rh/N-

AC-850. This further confirms the high-temperature-driven aggregation of Rh single atoms, consistent



with the HR-TEM observations. The intensity profile analysis and 3D atom-overlapping Gaussian-
function fitting mapping (Figure 11-p) further verify this dual-site architecture. Energy-dispersive X-ray
(EDX) elemental mapping (Figure S2c-d) of Rh/N-AC-650 further confirms the simultaneous presence of
Rh single atoms and nanoclusters. XRD patterns (Figure S3a) show only broad diffraction peaks at
approximately 22° and 44°, corresponding to the characteristic (002) and (100) planes of the graphitic
carbon support, respectively, for the samples calcined below 750°C, indicating the high dispersion and
low crystallinity of Rh species. In contrast, Rh/N-AC-850 exhibits a distinct metallic Rh (220) diffraction

peak at 68.2°, consistent with the formation of larger nanoparticles.



- ~ - = P ~

P4 @“’o“’o“’u“’o‘\ s q“’o“’o-"o-“'o\‘ 7 0“'0""0")0"0\‘
¥ r ¥ i '

TPe: S0 90 OF 39 g5 [ g ePeheieh : o-o-o\(u\( 3
i - | 1 1 oy d
| Oglgdgdoly | | O90909999e | | Oo0¢ o ey |
] !

\ : A 1 1 ) 1

Q@999
N Ve

Rh (111)
d=0.22 nm

Rh (111)
d=0.22 nm

Figure 1. Synthesis, morphological and structural characterization of the Rh/N-AC-T catalysts. (a) Schematic
representation of the multi-step synthesis of the Rh/N-AC-T catalysts. (b—f) HAADF-STEM images and corresponding
Rh particle size distributions of (b) Rh/N-AC, (c) Rh/N-AC-550, (d) Rh/N-AC-650, (¢) Rh/N-AC-750, and (f) Rh/N-AC-
850. (g—k) AC-HAADF-STEM images of (g) Rh/N-AC, (h) Rh/N-AC-550, (i) Rh/N-AC-650, (j) Rh/N-AC-750, and (k)
Rh/N-AC-850. Rh single atoms (SAs) and ultrasmall Rh clusters are indicated by dashed and solid circles, respectively.
(I-p) Three-dimensional atom-overlapping Gaussian-function fitting maps of Regions 1-5 (R1-R5) in Figure 1g—k.

X-ray photoelectron spectroscopy (XPS) was performed to probe the surface composition and chemical
state of the Rh/N-AC and Rh/N-AC-T catalysts. The XPS survey spectrum (Figure S3b) confirms the
presence of C, N, O, and Rh elements in all catalysts, indicating successful nitrogen doping and

dispersion of Rh species on the carbon. The high-resolution C 1s XPS spectrum (Figure S3c¢) was



deconvoluted into four peaks at 284.6, 285.1, 286.2, and 288.5 eV, corresponding to C-C, C-N, C-O, and
O-C=0 bonds, B® respectively. The N 1s XPS spectrum (Figure 2a) was fitted with five distinct peaks at
binding energies of 398.6, 399.8, 400.3, 401.1, and 402.7 eV, attributed to pyridinic N, Rh-N species,
pyrrolic N, graphitic N, and oxidized N species, respectively. 7! The presence of Rh—N species provides
compelling evidence for the coordination of Rh with nitrogen species in the carbon support. The relative
intensity of the Rh-N peak gradually decreases with increasing calcination temperature from 550 to
850°C, reflecting a reduced population of Rh single atoms on the surface, as observed in AC HAADF-
STEM. The high-resolution Rh 3d XPS spectra of Rh/N-AC-T (Figure 2b) display four characteristic
peaks, corresponding to metallic Rh’ species (Rh 3ds» at 307.7 €V and Rh 3ds» at 312.4 ¢V) 8 and
oxidized Rh** species (Rh 3ds. at 309.9 eV and Rh 3ds» at 314.6 V) [*]] indicating the presence of Rh°
and Rh3" species on the catalyst surface. In Rh/N-AC, only Rh3" species were detected, confirming the
atomic dispersion of Rh species. As the calcination temperature rises, the Rh® signal strengthens at the
expense of Rh*, signifying the high-temperature-driven aggregation of Rh single atoms into metallic
aggregates, consistent with the TEM, HAADF-STEM, and XRD results. Quantitative analysis based on
XPS reveals that the surface Rh**/Rh° ratio decreases from 2.54 in Rh/N-AC-550 to 1.17 in Rh/N-AC-
650, 0.72 in Rh/N-AC-750, and 0.41 in Rh/N-AC-850, respectively, as summarized in Figure 3e. It
should be noted that these XPS-derived Rh** /Rh® ratios describe the relative near-surface Rh species
distribution and should not be directly interpreted as quantitative single-atom-to-cluster population ratios.
X-ray absorption spectroscopy (XAS) measurements were conducted to further elucidate the
chemical state and local coordination environment of Rh species in the catalysts. The normalized Rh K-
edge X-ray absorption near-edge structure (XANES) spectra of the catalysts (Figure 2¢) were compared
with those of Rh foil and Rh,Os references. The absorption edges of all catalysts lie between those of Rh

foil and Rh»Os, indicating that the average oxidation states of the Rh species are between 0 and +3. With



increasing calcination temperature, both the absorption edge and white-line intensity progressively shift
toward those of Rh foil, indicating progressive reduction of Rh*"  species. Fourier-transformed (FT) k2-
weighted extended X-ray absorption fine structure (FT-EXAFS) curves in R space of Rh/N-AC-T
(Figure 2d) exhibit two prominent peaks at approximately 1.48 A and 2.38 A, attributed to Rh-N and Rh-
Rh scattering paths, respectively, confirming the coexistence of atomically dispersed Rh sites and
aggregates. In Rh/N-AC, the absence of Rh-Rh coordination scattering verifies the presence of exclusive
Rh single atoms. Of note, the intensity of the Rh-Rh peak increases with rising calcination temperatures,
indicating a shift toward larger Rh aggregates. The slight deviation of the Rh-Rh peak position for Rh/N-
AC-550 relative to Rh foil can be attributed to the ultrasmall size of the Rh nanoclusters with low
crystallinity, %! as supported by HR-TEM observations and previous studies. The wavelet transform (WT)
EXAFS contour plots (Figure 2f) further distinguish the backscattering atoms in both R and k spaces. A
maximum intensity at ~5 A"l is assigned to Rh-N coordination, while a secondary maximum intensity at
~7.5 A" corresponds to the Rh-Rh coordination. ! Consistent with the FT-EXAFS results, the intensity
for the Rh-Rh feature strengthens with increasing calcination temperature. The average coordination
number (CN) was derived from the quantitative least-squares EXAFS fitting in the R space (Figure 2e,
Figure S4 and Table S2). The average of the Rh-N coordination number (CN) for the calcined Rh/N-AC-
T catalysts was consistently refined to approximately 4 at a bond distance of 2.03 = 0.01 A, indicating a
stable Rh-N4 configuration. Concurrently, the CN of the Rh-Rh scattering path (at a bond distance of 2.68
+ 0.02 A) shows a progressive increase with calcination temperature from 1.75 for Rh/N-AC-550 to 2.75
for Rh/N-AC-650, to 4.25 for Rh/N-AC-750, and further to 6.0 for Rh/N-AC-850. These results again
suggest a gradual transition from atomically dispersed Rh sites to metallic aggregates as the calcination

temperature rises, corroborating the HR-TEM, AC HAADF-STEM, and XPS observations.



To further verify the dispersion state of Rh species in the Rh/N-AC-T catalysts, in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) with CO as the probe molecule was
performed. The absorption bands observed at around 2170 and 2118 cm™ correspond to gaseous CO
molecules, 2! which gradually disappear after the purging process due to the weak interaction with the
catalyst surface (Figure S5). For Rh/N-AC, two distinct peaks centered at 2088 and 2016 cm™ ' were
clearly observed (Figure 2g), which are typically attributed to the symmetric and asymmetric stretching
vibrations of gem-dicarbonyl species (Rh(CO),") adsorbed on positively charged Rh atoms. [
Meanwhile, a small band at 2054 cm™ ', assignable to linearly chemisorbed CO on Rh 4, was observed
in the absence of a bridged-CO band in the 1900-1800 cm™ ' region. This confirms the atomic dispersion
of Rh species, consistent with the characterization results described above. For Rh/N-AC-550 and Rh/N-
AC-650, in addition to the gem-dicarbonyl species (Rh(CO),"), a relatively weak peak at around 1834
cm” ! appears, which can be attributed to bridged CO on metallic Rh nanoclusters. 431 This observation is
consistent with the coexistence of Rh single atoms and nanoclusters. Notably, the gem-dicarbonyl species
(Rh(CO),") doublet redshifted as the cluster size increases: from 2088 and 2016 cm™! in Rh/N-AC to 2082
and 2008 ¢cm™ in Rh/N-AC-550, and to 2077 and 2002 cm™' in Rh/N-AC-650, respectively, indicating
increased electron density at the isolated Rh sites. 3! This suggests a significant electronic interaction
between the proximal Rh single atoms and nanoclusters. In contrast, for Rh/N-AC-750 and Rh/N-AC-850,

the gem-dicarbonyl bands disappear, whereas the bridged-CO band becomes dominant, indicating

nanoparticle-dominated Rh surfaces, consistent with the HR-TEM, XPS, and XAS results.
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Figure 2. Spectroscopic and electronic structure characterization of the Rh/N-AC-T catalysts. (a) High-resolution N 1s
XPS spectra of Rh/N-AC-T catalysts prepared at different calcination temperatures. (b) High-resolution Rh 3d XPS
spectra. (¢) Rh K-edge XANES spectra for Rh/N-AC-T, benchmarked against Rh foil and Rh, Os; references. The
inset provides a magnified view of the absorption edge. (d) Corresponding k*-weighted, Fourier-transformed (FT) Rh K-
edge EXAFS spectra in R-space. (e) R-space EXAFS fitting curves (dashed lines) overlaid on the experimental data
(solid lines) for Rh/N-AC-T. (f) WT of Rh K-edge EXAFS oscillations for Rh/N-AC-T and Rh/N-AC. (g) In situ CO-
DRIFTS spectra of the Rh/N-AC-T catalysts recorded at room temperature after CO adsorption and subsequent N,

purging for 10 min.

2.2 Catalytic performance in DIB hydroformylation

The catalytic activities of the as-synthesized Rh/N-AC and Rh/N-AC-T catalysts were evaluated for the
hydroformylation of DIB, a sterically hindered olefin. The reactions were conducted in toluene at 120°C
under 6 MPa pressure of syngas (H2/CO, v/v = 1/1) for 6 h. As illustrated in Figure 3a, the catalytic
activity follows a volcano-shaped dependence on the calcination temperature, with Rh/N-AC-650
exhibiting the highest activity among all catalysts tested. Notably, despite being composed exclusively of
Rh single atoms with theoretically maximized metal atom utilization, Rh/N-AC did not yield the highest

catalytic activity. Its activity was lower than those of Rh/N-AC-550 and Rh/N-AC-650, although it



remained superior to that of Rh/N-AC-750 and Rh/N-AC-850, where Rh nanoparticles were
predominantly formed. The inferior activity of the latter two catalysts can be attributed to the lower
surface-to-volume ratio of the larger Rh nanoparticles. These results suggest that the coexistence of
atomically dispersed Rh species and Rh nanoclusters provides a more favorable catalytic configuration
for DIB hydroformylation than either isolated Rh atoms or nanoparticles alone. This finding is consistent
with previous reports demonstrating that the synergistic interactions between single metal atoms and
metal clusters/nanoparticles can boost catalytic performance.[**”] To further elucidate the synergistic
effect between Rh single atoms and nanoclusters, a physical mixture of Rh/N-AC and Rh/N-AC-700 was
employed as a control catalyst for the reaction. Despite containing comparable Rh species, the physically
mixed catalyst exhibited significantly lower activity than Rh/N-AC-650 under identical reaction
conditions (Figure S9), highlighting the critical role of their integrated spatial arrangement within a
single catalyst framework. This observation indicates that intimate coupling between Rh single atoms and
nanoclusters, rather than their simple coexistence, is essential for achieving enhanced catalytic activity.
Meanwhile, all catalysts maintained excellent selectivity toward the highly branched 3,5,5-
trimethylhexanal (INA), exceeding 97% with only trace amounts of the hydrogenation byproducts,
including diisobutane and 3,5,5-trimethylhexanol.

Given the high surface energy of sub-nanometer metal species, their structural stability under reaction
conditions is a critical challenge. To assess this, parallel recycling experiments were conducted. Each
catalyst was carefully recovered after each run and then reused in the subsequent cycle. Impressively, in
addition to its outstanding activity, Rh/N-AC-650 demonstrated exceptional stability (Figure 3b and
Figure S6), maintaining its activity over four consecutive cycles with only a slight decline under both
high- and low-conversion conditions, primarily due to unavoidable physical mass loss during catalyst

recovery rather than intrinsic deactivation. Both Rh/N-AC and Rh/N-AC-550 showed intermediate



stability, with a gradual decline throughout the recycling tests. In stark contrast, both Rh/N-AC-750 and
Rh/N-AC-850, which are dominated by Rh nanoparticles, suffered rapid deactivation, approaching
complete loss of activity by the fourth run, underpinning their poor stability. To further evaluate the
industrial potential of Rh/N-AC-650, we performed a long-term stability test in a continuous-flow fixed-
bed reactor. Remarkably, it maintained a steady DIB conversion of approximately 80% and consistent

INA selectivity over 200 h on-stream without significant fluctuation (Figure 3c¢), underscoring its

potential for practical applications.
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Figure 3. Catalytic performance in the hydroformylation of DIB. (a) DIB conversion and aldehyde selectivity over
Rh/N-AC-T catalysts as a function of calcination temperature. Batch reaction conditions: 120 °C, 6 MPa syngas
(CO/H, = 1:1, v/v), 6 h. (b) Recycling performance of Rh/N-AC, Rh/N-AC-550, Rh/N-AC-650, Rh/N-AC-750, and
Rh/N-AC-850 over four consecutive runs. (¢) Long-term stability test (216 h) of Rh/N-AC-650 in a fixed-bed reactor at
120 °C and 6 MPa syngas, with a DIB/toluene volume ratio of 1:4, a liquid flow rate of 0.3 mL-h™ !, and a syngas flow
rate of 10 mL-min~ . (d) Effect of KSCN dosage on DIB conversion over Rh/N-AC, Rh/N-AC-550, and Rh/N-AC-850.
(e) XPS-derived relative proportions of surface Rh® and Rh* species and the corresponding TOF values as a function

of calcination temperature. (f) Relative contents of pyridinic N, pyrrolic N, graphitic N, and oxidized N derived from N
Is XPS.

In addition to DIB hydroformylation, the scope of olefin substrate was also examined over the Rh/N-

AC-650 catalyst. As summarized in Table S3, the catalyst exhibited broad applicability across a range of



olefins, including a-olefins with different chain lengths, cyclic olefins, and aromatic olefins, affording the
corresponding aldehydes with high activity and selectivity. To benchmark its catalytic performance
against state-of-the-art heterogeneous Rh catalysts, 1-hexene hydroformylation was selected as a model
reaction, as systematic comparison for DIB hydroformylation remain scarce due to the limited availability
of reported data. As shown in Figure S10, after taking key parameters, including reaction temperature and
syngas pressure into account, Rh/N-AC-650 exhibited a competitive turnover frequency (TOF) compared
with previously reported heterogeneous Rh catalysts, highlighting its high catalytic efficiency for olefin
hydroformylation. Note that, because the reported studies employ different olefin substrates, reactor
configurations, reaction conditions, conversion levels, and TOF normalization methods, direct
comparison of the reported TOFs should be made with caution and does not be necessarily reflect
differences in intrinsic site activity.
2.3 Structure-performance relationships

To elucidate the distinct roles of Rh single atoms and nanoclusters/nanoparticles in DIB
hydroformylation, poisoning experiments were performed using KSCN, a well-established selective
probe for atomically dispersed metal sites. 481 As shown in Figure 3d, the addition of 1.0 equiv. (4 mg) of
KSCN into the reaction catalyzed by Rh/N-AC led to a drastic suppression of catalytic activity,
decreasing DIB conversion from 80% to 21%. Upon increasing the KSCN amount to 9 mg, the catalytic
activity was completely inhibited. In comparison, Rh/N-AC-550 also exhibited decreased activity after
KSCN addition; however, the extent of inhibition was significantly smaller than that observed for Rh/N-
AC under identical conditions. For Rh/N-AC-850, the influence of KSCN poisoning was further
diminished, despite its intrinsically lower catalytic activity. Given the nearly identical Rh content across
all samples (Table S1), these results indicate that both Rh single atoms and aggregated Rh species,

including nanoclusters and nanoparticles, participate in the hydroformylation catalytic cycle. To compare



the CO adsorption capacities of the catalysts, CO pulse chemisorption measurements were performed
across the catalyst series (Figures S7 and S8). Among all catalysts, Rh/N-AC-650 exhibited the highest
CO uptake, suggesting a relatively high population of CO-accessible Rh species. However, given the
potentially different CO/Rh adsorption stoichiometries associated with distinct Rh nuclearities and
coordination environments, the measured CO uptake is considered a relative descriptor rather than a
quantitative measure of the accessible Rh active site population. More importantly, the catalytic activity
shows an apparent correlation with the XPS-derived surface Rh** /Rh® ratio, with Rh/N-AC-650
exhibiting the highest TOF at a ratio of 1.17 (Figure 3e). Note that, this ratio serves as an empirical
descriptor of the surface Rh oxidation-state distribution rather than a direct measure of the relative
populations of Rh single atoms and nanoclusters. The observed correlation suggests that an appropriate
balance of surface Rh electronic states is beneficial for catalytic activity.

We next sought to elucidate the underlying reasons for the remarkable stability of Rh/N-AC-650. The
structural robustness of the catalysts after hydroformylation was evaluated by postreaction
characterization. As shown in Figure S11, Rh K-edge XANES, R-space FT-EXAFS, HR-TEM, AC-
HAADEF-STEM, and XPS analyses revealed that the spent Rh/N-AC-650 catalyst retained essentially the
same Rh K-edge position, local coordination environment, average particle size, and oxidation state as the
fresh catalyst. Importantly, HAADF-STEM analysis of the Rh/N-AC-650 catalyst recovered after the
long-term fixed-bed reaction (Figure S11g) revealed only a slight change in the Rh particle-size
distribution, indicating that Rh aggregation was effectively suppressed during prolonged continuous-flow
operation. These results demonstrate that the Rh single-atom/nanocluster architecture remains largely
intact during catalysis, highlighting the exceptional structural stability of Rh/N-AC-650 under
hydroformylation conditions. To exclude the possibility of homogeneous catalysis by dissolved Rh

species, a hot-filtration experiment was further performed (Figure Sllc). After removal of the solid



catalyst, the filtrate showed negligible additional conversion under identical conditions, indicating no
leaching of Rh species into the reaction medium. In sharp contrast, the spent Rh/N-AC, Rh/N-AC-550,
Rh/N-AC-750, and Rh/N-AC-850 catalysts all exhibited increased Rh aggregation after four recycling
runs (Figure S12), indicating their inferior structural stability relative to Rh/N-AC-650 under the reaction
conditions. Consistently, ICP-OES analysis detected negligible Rh loss from Rh/N-AC-650, whereas
appreciable metal loss was observed for Rh/N-AC-850 (Table S4). Collectively, these results
demonstrate that Rh/N-AC-650 effectively suppresses both Rh aggregation and metal leaching during
hydroformylation.

To further examine the factors associated with the enhanced stability of Rh/N-AC-650, we analyzed the
evolution of nitrogen species in the carbon support. Pyridinic N (symbolled as Npyq) is well known to
strongly anchor transition-metal species on nitrogen-doped carbon supports, thereby strengthening metal-
support interactions and suppressing metal migration, coalescence, and Ostwald ripening. ) Although
the total N content steadily declined with increasing calcination temperature, that is, from 7.10 wt% in
Rh/N-AC to 6.94 wt% in Rh/N-AC-550, to 6.63 wt% in Rh/N-AC-650, to 5.72 wt% in Rh/N-AC-750,
and to 4.23 wt% in Rh/N-AC-850 (Table S1), the relative fraction of pyridinic N, as determined by N 1s
XPS, exhibited a volcano-shaped dependence on calcination temperature (Figure 3f), reaching a
maximum for Rh/N- AC- 650. Notably, the variation in pyridinic N content aligns closely with the
trends in catalytic activity and recyclability. These findings identify pyridinic N as the key anchoring site
that stabilizes the Rh single-atom and nanocluster ensemble by strengthening metal-support interactions
and suppressing Rh migration and leaching, thereby providing a structural basis for the superior activity
and high stability of Rh/N-AC-650.

To gain further molecular-level insights into the DIB hydroformylation reaction and its correlation with

the distinct catalytic performances of the Rh/N-AC and Rh/N-AC-T catalysts, density functional theory



(DFT) calculations were performed. Based on the characterization results, three representative models
were constructed: an isolated Rh single-atom model (Rhs) to represent Rh/N-AC, a coupled Rh single-
atom—nanocluster model (Rhs—Rhc) to represent Rh/N-AC-650, and a Rh nanoparticle model (Rhn) to
represent Rh/N-AC-850. Charge density difference maps and electron localization function (ELF)
analysis (Figures S13 and S14) indicate electronic redistribution between the Rh single-atom and
nanocluster within the representative Rhs-Rhc model, which is qualitatively consistent with the changes
in the Rh electronic environment inferred from the experimental characterization. Such an intimate dual-
site configuration enables a large fraction of Rh atoms to interact directly with nitrogen dopants, thereby
reinforcing metal-support interactions and improving structural robustness. In contrast, for larger Rh
nanoparticles, only the interfacial Rh atoms are effectively anchored by the support, whereas surface-
exposed Rh atoms remain susceptible to leaching and aggregation under hydroformylation conditions.
Projected density of states (PDOS) and Bader charge analysis (Figures S15 and Table S5) further
reveal substantial electronic-structure modulation arising from the interaction between Rh single atoms
and nanoclusters in the Rhs-Rhc configuration. Specifically, the d-band center of the Rhs shifts toward
the Fermi level from -1.170 eV for isolated Rhs to -1.001 eV in the Rhs-Rhc configuration, whereas that
of Rhc shifts upward from -1.243 eV in Rhn to -0.925 eV. These shifts indicate pronounced redistribution
of the Rh electronic states upon formation of the Rhs-Rhc configuration. As illustrated in Figure 4a and
4b, the Rhs-Rhc model provides favorable H, adsorption/activation while maintaining a moderate CO
adsorption strength. In contrast, Figure 4¢ shows that DIB adsorption on the Rhs site becomes weaker
upon incorporation of Rhs into the Rhs-Rhe configuration. Importantly, the weakened DIB adsorption
should not be interpreted solely in terms of the shift in the d-band center. Given the bulky and highly
branched structure of DIB, its adsorption is also strongly influenced by the local coordination geometry

and steric environment of the Rh site. As further illustrated by the adsorption configurations in Figure 4d,



the neighboring Rh cluster modifies not only the electronic structure but also the local geometric
environment of Rhs, thereby altering the interaction between the C=C moiety of DIB and the isolated Rh
center. Consequently, DIB adsorption on Rhs becomes less favorable in the Rhs-Rhc configuration,
whereas the adjacent Rhc sites provide additional favorable adsorption configurations for DIB. Thus,
rather than uniformly strengthening DIB adsorption at both Rh sites, the Rhs-Rhc configuration
redistributes the adsorption preference of DIB between the isolated Rh and Rh-cluster sites.

As previously reported, CO chemisorption on catalytically active Rh sites plays a critical role in
determining both catalytic activity and stability in heterogeneous Rh catalysis. [*” Recent molecular-level
investigations of CO adsorption on Rh-based nanocatalysts have further demonstrated that CO adsorption
behavior is sensitive to the size and local structural configuration of Rh ensembles, highlighting the
critical influence of Rh nanostructure on CO accessibility and adsorption interactions.”!! In line with the
Sabatier principle, an appropriate CO binding strength is essential to balance CO activation and site
availability, as excessively strong CO adsorption can induce active-site blocking or promote the
formation of soluble Rh*(CO). species, leading to catalyst deactivation and metal leaching. [ In
comparison, the Rhn model exhibits the strongest calculated CO adsorption energy (-1.19 eV), which
may result in excessive CO coverage and facilitate the generation of leachable Rh*(CO), species. 53! This
calculated trend is consistent with the experimentally observed greater tendency of Rh/N-AC-850 toward
Rh leaching and aggregation during catalysis. Furthermore, the Rhs-Rhc configuration substantially
lowers the activation energy barrier for H> dissociation, the key elementary step for generating Rh-
hydride species (Figure S16), to 0.59 eV, which is markedly lower than those calculated for isolated Rhs
(1.19 eV) or Rhn (0.91 eV). These results demonstrate that the synergistic electronic interaction between
Rh single atoms and nanoclusters facilitates H> activation while regulating CO adsorption, thereby

providing a molecular-level explanation for the improved catalytic activity and stability of Rh/N-AC-650



in DIB hydroformylation.
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Figure 5. Reaction pathways and the corresponding free-energy profiles for the Rhs, Rhs—Rhc, and Rhn models in DIB
hydroformylation.

Finally, the Gibbs free-energy profiles for DIB hydroformylation were calculated to provide insight
into the reaction pathway and the possible origin of the different catalytic behaviors of the representative
Rh models. As shown in Figure Sa-c, the reaction proceeds through three key elementary steps involving
three transition states: the first H insertion to generate the Rh-alkyl intermediate (TS1), CO insertion to
form the Rh-acyl intermediate (TS2), and the second H insertion to generate INA (TS3). Among the
elementary steps examined, CO insertion exhibits the highest calculated free-energy barrier for all three
models (Rhs, Rhs-Rhc, and Rhn), suggesting that it is the rate-determining step within the adopted
reaction pathways. Notably, the calculated CO-insertion barrier for the Rhs-Rhc configuration (1.09 eV)
is lower than those for Rhs (1.63 eV) and Rhn (1.40 eV). This relative trend suggests that the coexistence
of Rh single atoms and nanoclusters may facilitate CO insertion through a synergistic effect. Although the
simplified structural models and the omission of solvent effects may affect the absolute energetic values,
the relative barrier trend provides qualitative mechanistic insight into the potential role of the dual-site
configuration and is consistent with the experimentally observed enhanced catalytic activity of Rh/N-AC-

650.

3 Conclusion

In summary, we have developed a high-performance, ligand-free heterogeneous Rh catalyst
featuring proximal dual active sites composed of Rh single atoms and nanoclusters coanchored on
nitrogen-doped carbon. The optimized Rh/N-AC-650 catalyst exhibits exceptional catalytic activity for
the challenging hydroformylation of sterically hindered DIB, surpassing both isolated single-atom and
nanoparticle counterparts. Notably, it demonstrates remarkable structural stability and resistance to Rh
leaching, enabling stable continuous-flow operation for over 200 h in a fixed-bed reactor. The superior

performance stems from a synergistic interplay between adjacent Rh single atoms and nanoclusters.



Combined experimental investigations and DFT calculations suggest that the intimate coupling between
these two Rh species modulates the electronic structure and adsorption behavior of H, , CO, and DIB. In
particular, the electronically modulated dual-site interface promotes H> activation and lowers the energy
barrier of the rate-determining CO insertion step, thereby accelerating catalytic performance. Meanwhile,
pyridinic N contributes to the stabilization of Rh species by strengthening Rh—support interactions and
suppressing Rh migration, aggregation, and leaching under demanding reaction conditions. This work
establishes proximal single atom—nanocluster dual sites as an effective catalyst design paradigm that
integrates the advantages of atomic dispersion, cooperative activation, and structural durability. Beyond
hydroformylation, this strategy provides a versatile platform for constructing multifunctional
heterogeneous catalysts for challenging carbonylation reactions and other complex molecular

transformations.

4 Methods

4.1 Catalyst Synthesis
4.1.1 Materials

Unless otherwise stated, all reagents and solvents were of analytical grade and used as received
without further purification. RhCl; -3H, O (99.95% metal basis) and urea were purchased commercially
from Sigma-Aldrich. Activated carbon (200 mesh) was purchased from Shanghai Yien Chemical
Technology Co., Ltd. Analytic grade toluene was purchased from Sino-Pharm Chemical Reagent Co., Ltd.
Diisobutylene (DIB) was supplied by Shandong Chambroad Petrochemical Co., Ltd (Binzhou), China.
4.1.2 Catalyst synthesis

Nitrogen-doped activated carbon was first prepared as follows: urea (1.5 g) and activated carbon (0.3
g) were thoroughly ground in an agate mortar to obtain a homogeneous mixture. The resulting powder
was then transferred to a tube furnace and heated to 500 °C at a ramp rate of 2 °C-min” ' under a

continuous N, flow of 100 mL-min~ '. After being maintained at 500 °C for 2 h, the sample was



allowed to cool naturally to room temperature under the same inert atmosphere, yielding the nitrogen-
doped carbon (labelled as N-AC). Subsequently, N-AC (1.5 g) was dispersed in 80 mL of isopropanol
containing RhCl; -3H, O (0.001 g mL~ ', 2.5 mL) under stirring for 48 h at ambient temperature. The
solid was then collected by centrifugation, washed three times with ethanol, and vacuum-dried at 60 °C
for 12 h, which was labelled as Rh/N-AC. Finally, the dried powder was calcined in a tube furnace under
aN. flow (100 mL-min~ ') for 4 h at 550, 650, 750 or 850 °C with a heating rate of 2 °C-min~ '. The
resulting materials are denoted as Rh/N-AC-T, where T represents the calcination temperature.
4.1.3 General procedure for hydroformylation of DIB

Typically, to a 50 mL glass vessel with a stirring bar was added DIB (6.38 mmol), catalyst (40 mg),
and toluene (10 mL). The glass vessel was then loaded into an autoclave. The autoclave was sealed and
purged with CO/H, three times, and then pressurized with CO/Hz (1/1, v/v) to 6 MPa and placed in a
heating oven at the desired temperature and stirred at 400 rpm for the duration of the desired reaction time.
After the reaction, the autoclave was allowed to cool down to room temperature, and the pressure was
released slowly in a well-ventilated hood. The catalyst was separated from the reaction mixture by
filtration, and the liquid was analyzed by GC and GC-MS to determine the reaction conversion and
selectivity using n-dodecane as an external standard.

The substrate conversion, aldehyde selectivity, aldehyde yield, and turnover frequency (TOF) were
calculated using the following equations. The amount of Rh used for TOF calculation was based on the

actual Rh loading determined by ICP-OES.

, Npig,o — NpiB
Conversion (%) = ————

X 100%
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.. Naldehyd
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Nconverted substrate
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Product yield (%) =

where npis,o and nps represent the initial and remaining molar amounts of DIB, respectively; Naidehydes 1S



the total molar amount of aldehyde products; nrn is the molar amount of Rh in the catalyst; and t is the
reaction time (h).
4.1.4 General procedure of the stability test for Rh/N-AC-T in batch

Typically, to a 50 mL glass vessel with a stirring bar was added DIB (6.38 mmol), catalyst (40 mg),
and toluene (10 mL). The glass vessel was then loaded into an autoclave. The autoclave was sealed and
purged with CO/H, three times, and then pressurized with CO/Hz (1/1, v/v) to 6 MPa and placed in a
heating oven at the desired temperature and stirred at 400 rpm for the duration of the desired reaction time.
After the reaction, the autoclave was cooled to room temperature, and the remaining gas was slowly
released in a well-ventilated hood. The catalyst was centrifuged three times with methanol and then dried
in a vacuum drying oven at 60 °C for 12 h. The recovered catalyst was then subjected to the next cycle
following the same procedure under identical conditions.
4.1.5 General procedure of the stability test for Rh/N-AC-650 in fixed bed

Hydroformylation performance of the catalyst was evaluated in a quartz fixed-bed reactor with an
inner diameter of 8 mm and length of 140 mm, operated at 120 °C and 6 MPa of syngas. A layer of quartz
wool was placed below the catalyst bed to secure its position, and 1 g of the catalyst was loaded into the
reactor, with quartz wool placed on top of the catalyst. A mixture of DIB and toluene in a volume ratio of
1:4 was pumped into the reactor at a liquid flow rate of 0.3 mL-h™ !. The syngas pressure was maintained
at 6 MPa with a gas flow rate of 10 mL/min. Liquid samples were taken every 12 h for GC and GC-MS
analysis to determine the conversion and selectivity.
4.2 Characterization

Scanning electron microscopy (SEM) images were obtained using a ZEISS GeminiSEM360
operated at an accelerating voltage of 0.5 kV. Transmission electron microscopy (TEM) images were

acquired using a Hitachi H-7600 operated at 200 kV, and high-resolution TEM (HRTEM) images were



obtained using a JEOL JEM-F200 operated at 200 kV. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images and corresponding energy dispersive X-ray
(EDX) images were obtained on a Thermo Fisher Scientific Themis Z equipped with a probe corrector,
with a guaranteed resolution of 80 pm and an accelerating voltage of 200 kV. All XPS binding energies
were calibrated using the C 1s peak at 284.8 eV. A Shirley background was consistently applied to all
high-resolution Rh 3d spectra before peak deconvolution. For comparison of the relative distributions of
Rh oxidation states, the background-corrected Rh 3d spectra were normalized to the total integrated Rh
3d peak area. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was conducted on a
PerkinElmer Optima 5300 DV instrument. Gas chromatography (GC) was conducted on Shimazu Nexis
GC-2030 equipped with FID detector and HP-5 capillary column. Gas chromatography-mass
spectrometry (GC-MS) analysis was carried out on a Shimazu GCMS-QP2010 SE instrument equipped
with HP-5 capillary column using helium carrier gas. XAFS measurements were carried out using a Si
(311) double-crystal monochromator (NW10A, PFAR) at room temperature at the Institute of Materials
Structure Sciences of High Energy Accelerator Research Organization (KEK). The monochromator
energy was calibrated using a Pd foil. The XAFS data were analyzed using IFEFFIT. The XAFS raw data
were background subtracted, normalized and Fourier transformed by standard procedure within the
ATHENA program. The acquired EXAFS data were processed according to the standard procedures
using the ATHENA module implemented in the IFEFFIT software packages. CO-DRIFTS measurements
were performed on a Bruker Vertex 80V Fourier-transform infrared spectrometer equipped with an in situ
diffuse-reflectance cell, an MCT detector, and ZnSe windows. Prior to CO adsorption, the catalyst was
pretreated under flowing N> (15 mL-min™ ') at 120 °C for 60 min to remove weakly adsorbed surface
species. The sample was then cooled to room temperature under flowing N, . Subsequently, a CO/N,

mixture (1:19, v/v) was introduced at a total flow rate of 15 mL-min” ', and CO adsorption was



conducted at room temperature for 60 min. After adsorption, the gas feed was switched to pure N, (15
mL-min~ ') at room temperature to remove gas-phase and weakly adsorbed CO species. The CO-
DRIFTS spectra used for comparison were collected after 10 min of N, purging at room temperature.
Because the black N-doped activated-carbon support exhibits strong broadband infrared absorption and
low diffuse reflectance, the signals from surface-adsorbed CO were relatively weak. Accordingly, a high-
sensitivity MCT detector was employed to enhance the signal-to-noise ratio. Nitrogen adsorption -
desorption data were obtained on a Micromeritics ASAP 2460 static volumetric sorption analyzer. The
powder samples were outgassed for 12 h at 120 °C before the measurements. CO pulse chemisorption
measurements were performed to evaluate the CO adsorption capacity of the Rh/N-AC-T catalysts.
Typically, 100 mg of catalyst was pretreated in a flowing Hz /Ar mixture at 300 °C for 1 h. The sample
was subsequently purged with high-purity He at the same temperature for 30 min to remove residual
gases and weakly adsorbed species. After pretreatment, the catalyst was cooled to 50 °C under flowing
He and maintained at this temperature until a stable detector baseline was obtained. Pulses of 10 vol%
CO/He were then sequentially introduced into the system until adsorption saturation was reached, as
indicated by unchanged peak areas for consecutive CO pulses. The total amount of chemisorbed CO was
determined from the cumulative difference between the injected and detected CO pulse areas. Because the
Rh/N-AC-T catalysts contain Rh species with different nuclearities and coordination environments, which
may exhibit different CO/Rh adsorption stoichiometries, the measured CO uptake was used as a
comparative descriptor of the CO-accessible adsorption capacity rather than being directly converted into
absolute Rh dispersion, active-metal surface area, or average Rh particle size.
4.3 Computational Details

Spin-polarized density functional theory (DFT) calculations were performed using the Vienna Ab

initio Simulation Package (VASP). The projector-augmented-wave (PAW) method was employed to



describe the interactions between the ionic cores and valence electrons, and the exchange-correlation
interactions were treated using the PBE functional within the generalized gradient approximation (GGA).
A plane-wave kinetic-energy cutoff of 400 eV was used. The electronic self-consistent calculations were
converged to 1 x 10* eV, and structural optimizations were continued until the residual forces on all
relaxed atoms were below 0.03 eV A", Brillouin-zone sampling was performed using a 1 x 1 X 1 k-point
mesh. A single-layer N-doped carbon model was constructed to represent the catalyst support. An isolated
Rh atom coordinated with four N atoms was employed to represent the Rh single-atom site (Rhs). For the
coupled single-atom—nanocluster model (Rhs—Rhc), a Rhs cluster, denoted as Rhe, was introduced
adjacent to the Rh—N, site (Rhs). A three-layer Rh nanocrystal supported on the N-doped carbon model
was constructed to represent the nanoparticle-dominated Rh environment (Rhn). A vacuum region of 15
A was introduced perpendicular to the surface to minimize interactions between periodic images. These
models were used as representative local Rh environments to investigate the effects of Rh nuclearity and
coordination structure on molecular adsorption and elementary reaction steps, rather than as exact atomic
representations of the experimentally synthesized catalysts. Given the structural complexity of the
experimental catalysts, the present models do not explicitly account for the full distribution of pyridinic,
pyrrolic, and graphitic N species, solvent effects, or the structural flexibility of the carbon support.
Accordingly, the calculated adsorption energies and free-energy barriers are used primarily to compare
relative trends among the representative Rh environments rather than as quantitatively exact energetics of
the real catalysts.

The adsorption energy E,4 of Ha, CO, DIB, and other reaction species was calculated according to:

Eads = Eadsorbate+surface - Esurface - Eadsorbate ’ (1)
where E,qsorbate+surfaces Esurface» aNd Eagsorbate are the DFT total energies of the adsorbate—surface
system, the clean catalyst surface, and the isolated adsorbate, respectively. According to this definition, a

more negative E,qsindicates stronger exothermic adsorption.



For the hydroformylation of DIB, the reaction pathway was constructed by considering the major
elementary steps involved in aldehyde formation, including H, dissociation to generate surface Rh-H
species, hydrogen insertion into adsorbed Ce H; s to form a Rh-Cs H; ;7 alkyl intermediate, CO
insertion into the Rh-C bond to generate the corresponding Rh-Cs H; 7 CO acyl intermediate, and the
subsequent hydrogenation step leading to the Co aldehyde product. The corresponding elementary steps
were examined on the Rhs, Rhs-Rhc, and Rhn models.

Transition states (TSs) for the elementary steps involved in DIB hydroformylation were searched
using the climbing-image nudged elastic band (CI-NEB) method. Each transition state was further
verified by vibrational-frequency analysis. A stable intermediate was confirmed by the absence of
imaginary frequencies, whereas a transition state was identified by the presence of a single imaginary
frequency corresponding to the expected reaction coordinate.

To obtain reaction energetics under conditions relevant to the catalytic experiments, thermodynamic
corrections were evaluated at the experimental reaction temperature of 393.15 K. The Gibbs free energy
of each intermediate and transition state was calculated according to: (31:3% 331,

G(T) = Eppr + Ezpg + AHrpermai(T) — TS(T) 2

where Eppris the electronic energy obtained from DFT calculations, Ezpgis the zero-point-energy
correction, AHy,ermar 1S the thermal enthalpy correction, and Sis the entropy. Zero-point energies and
vibrational thermodynamic corrections for surface-bound intermediates and transition states were
obtained from the calculated vibrational frequencies within the harmonic approximation.

For gas-phase Hz and CO, translational, rotational, and vibrational contributions were included in the
thermodynamic corrections. Since the hydroformylation experiments were conducted under 6 MPa
syngas with a CO/Hz molar ratio of 1:1, the partial pressures of CO and H> were taken as 3 MPa each.

The pressure-dependent chemical potential was corrected according to:



w(Tp) = p(Tp) +RTin(5) (3

where p°is the standard pressure.

For each elementary step, the activation free-energy barrier was calculated from the difference
between the Gibbs free energies of the corresponding transition state and initial state:

AG = Grs — Gys (4)

where Grgand Gisare the Gibbs free energies of the transition state and its corresponding initial state,
respectively. Taking the hydrogen insertion step involving adsorbed DIB on the Rhs model as an example,
the activation free-energy barrier was calculated as:

AGy_ins = Grs—y — GHico+csH16-RAs (5)

where Grs_pis the Gibbs free energy of the transition state associated with hydrogen insertion into
adsorbed CsHis, and Gy4co+ cghy, —RhsiS the Gibbs free energy of the corresponding adsorbed initial state.

The reaction free energy for formation of the Rh—CgH7 intermediate was calculated according to
[34,35]:

AGyyn = Gco+csni7-rhs — GH+CO+C8H16—RAs (6)

where Gcoy cgh,, —Rhs T€Presents the Gibbs free energy of the Rh-CsHi; intermediate. The same
procedure was applied to CO insertion, subsequent hydrogenation, and the corresponding elementary
steps on the Rhs—Rhc and Rhn models. Unless otherwise specified, all Gibbs free energies and activation
free-energy barriers discussed herein refer to values evaluated at 393.15 K.
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Figure S1. (a) Optimization of the nitrogen content (wt%) in the N-AC support as a function of the initial AC/urea mass
ratio. (b) N, adsorption—desorption isotherms at 77 K for the optimized N-AC (1:5) support. The inset shows the
corresponding pore-size distribution derived from the desorption branch.

Figure S2. (a) HRTEM image of a Rh nanoparticle in Rh/N-AC-650. (b) Magnified HRTEM image of the nanoparticle in
(a), showing well-resolved lattice fringes with a d-spacing of 0.19 nm corresponding to the Rh(200) plane of face-centered
cubic (fcc) Rh. (c) Aberration-corrected HAADF-STEM image of Rh/N-AC-650. (d) Corresponding EDS elemental

mapping of Rh.
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Figure S3. (a) XRD patterns of the Rh/N-AC-T catalysts prepared at different calcination temperatures. (b) XPS survey



spectra and (c) high-resolution C 1s XPS spectra of the Rh/N-AC-T catalysts.
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Figure S4. k-space fitting curves (a—¢) and R-space fitting curves (f—): (a, f) Rh/N-AC, (b, g) Rh/N-AC-550, (c, h) Rh/N-
AC-650, (d, i) Ri/N-AC-750, and (e, j) Rh/N-AC-850.

Figure S5. Time-resolved in situ CO-DRIFTS spectra of Rh/N-AC-650 recorded during N»
after CO adsorption. The catalyst was pretreated in N,
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Figure S6. Recycling stability of Rh/N-AC-650 under low-conversion hydroformylation conditions.
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Figure S7. CO pulse chemisorption response curves of (a) Rh/N-AC, (b) Rh/N-AC-550, (c) Rh/N-AC-650, (d) Rh/N-AC-
750, and (e) Rh/N-AC-850.
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Figure S8. CO uptake of Rh/N-AC catalysts determined by CO pulse chemisorption.

100

80 F

60 F

40 L

Conversion (%)

20 F

Rh/N-AC-650 Physical mixing
Figure S9. Comparison of DIB conversion and aldehyde selectivity over Rh/N-AC-650 and the physical-mixture control
composed of Rh/N-AC and Rh/N-AC-700. Reaction conditions: DIB, 6.38 mmol; catalyst, 40 mg; toluene, 10 mL; 120 °C;
6 MPa syngas (CO/Hz = 1:1, v/v); 6 h.
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Figure S10. Comparison of Rh/N-AC-650 with previously reported heterogeneous Rh catalysts for olefin hydroformylation
[1-12] The reported TOF values were obtained under different reaction conditions, including reaction temperature, syngas
pressure, substrate, catalyst formulation, and other experimental parameters; therefore, this comparison is intended as a
contextual benchmark rather than a strict like-for-like evaluation of catalytic activity.
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Figure S11. (a) High-resolution Rh 3d XPS spectra of fresh Rh/N-AC-650 and Rh/N-AC-650 after four recycling runs. (b)
Relative proportions of Rh® and Rh*  species derived from Rh 3d XPS deconvolution for fresh Rh/N-AC-650 and Rh/N-
AC-650 after four recycling runs. (c) Hot-filtration experiment over Rh/N-AC-650, showing no appreciable further
conversion after removal of the solid catalyst. (d) HAADF-STEM image and corresponding Rh particle-size distribution of
fresh Rh/N-AC-650. (¢) HAADF-STEM image and corresponding Rh particle-size distribution of Rh/N-AC-650 after four
recycling runs. (f) AC-HAADF-STEM image of Rh/N-AC-650 after reaction; atomically dispersed Rh single atoms and Rh
nanoclusters are marked by yellow and white circles, respectively. (g) HAADF-STEM image and corresponding Rh
particle-size distribution of Rh/N-AC-650 after the long-term fixed-bed reaction. (h) Rh K-edge XANES spectra of Rh/N-
AC-650 before and after reaction, together with Rh foil and Rh, Oj; references. (i) FT-EXAFS R-space profiles of Rh/N-
AC-650 before and after reaction, together with Rh foil and Rh, Oj; references.
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Figure S12. HAADF-STEM images and corresponding Rh particle size distributions for the (a) Rh/N-AC, (b) Rh/N-AC
after four recycling runs, (c) Rh/N-AC-550, (d) Rh/N-AC-550 after four recycling runs, (¢) Rh/N-AC-750, (f) Rh/N-AC-
750 after four recycling runs, (g) Rh/N-AC-850, and (h) Rh/N-AC-850 after four recycling runs.

Figure S13. Charge density difference plot for (a) Rhs, (b) Rhs—Rhc, and (c) Rhn. The isosurface value is 0.01 e-Bohr-3.

Yellow is positive and blue is negative.

Figure S14. Electron localization function (ELF) maps for (a) Rhs, (b) Rhs—Rhc, and (c) Rhn.
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Figure S15. Projected density of states (PDOS) of the Rh 3d states for Rhs, Rhs in Rhs—Rhe, Rhe in Rhs—Rhe, and Rhn.
Dashed lines indicate the corresponding calculated d-band centers, with the values indicated in each panel.
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Figure S16. Gibbs free-energy profiles for H, dissociation at different sites in the Rhs, Rhs—Rhc, and Rhn models.

Table S1. Rhodium and nitrogen contents of different types of catalysts.

Entry Catalyst Rh content(wt%) N content(wt%)
1 Rh/N-AC 0.43 7.10
2 Rh/N-AC-550 0.42 6.94
3 Rh/N-AC-650 0.41 6.63
4 Rh/N-AC-750 0.40 5.72
5 Rh/N-AC-850 0.40 4,23




Table S2. EXAFS fitting results for the Rh/N-AC-T catalysts.

Sample Path CN R (A) o? (A?) AE, (eV) R-factor
Rh/N-AC Rh-N 5.6 2.01 0.0065 1.2 0.0023
Rh-N 4.0 2.03 0.0059 1.4
Rh/N-AC-550 0.019
Rh-Rh 1.75 2.67 0.0085 1.4
Rh-N 4.0 2.02 0.0072 1.8
Rh/N-AC-650 0.017
Rh-Rh 2.75 2.68 0.0066 1.8
Rh-N 4.0 2.01 0.0032 14
Rh/N-AC-750 0.019
Rh-Rh 4.25 2.70 0.0064 1.4
Rh-N 4.0 2.04 0.0069 1.3
Rh/N-AC-850 0.017
Rh-Rh 6 2.70 0.0095 1.3
Rh foil Rh-Rh 12 2.68 0.00298 1.7 0.007
Rh,0, Rh-O 6 2.05 0.00147 1.5 0.020

R range: 1.0-3.0 A; k range: 3.0-14.0 A. CN, coordination number; R, bond distance; 62, Debye—Waller factor; AEo , inner
potential correction; R-factor, goodness of fit. The estimated uncertainties of the fitted structural parameters are +20% for
CN, £1% for R, and £20% for o2.



Table S3. Substrate scope of alkenes for hydroformylation.

Ra Rh/N-AC-650, CO/H2(6.5 MPa) Ry &
R‘% 120 °C, 3 h, toluene R')\Jﬁ(no
Ry Ry
Entry @ Substrate Conv. (%) Yield (%) /b TOF (b 1)

1 crs 96.5 95.5 1.07 3606
2b ) 83.4 77.1 Only 1 689
T 95.8 94.8 1.07 3125
4 LI 93.4 92.5 1.04 2192
e 95.3 94.3 1.09 1538
6 S 95.3 94.3 127 2609
7 e 63.1 63.1 1.2 1353
8 C@ 99 99 Only 1 4202
gb @ 78.6 73.9 Only 1 649
10¢ ——a 69 68.1 0.82 7035
1 Ay 98.9 97.9 0.65 3014
12 SR 97.8 96.8 0.59 2681
13 ke . 96.6 95.6 0.58 2192
14 S Rl 95.3 94.3 0.54 1844

a Standard reaction conditions: olefin, 6.38 mmol; Rh/N-AC-650, 40 mg; toluene, 10 mL; 120 °C; 3 h; 6.5 MPa syngas
(CO/H2 =1:1). b Reaction time: 6 h. ¢ Reaction time: 1.5 h. d Reaction conditions: olefin, 8 mmol; Rh/N-AC-650, 20 mg;
toluene, 10 mL; 100 °C; 1 h; 5 MPa syngas (CO/H, = 1:1). The 1/b value represents the ratio of linear to branched
aldehydes.

Table S4. Rh contents of the catalysts before and after four recycling runs.

Rh content after 4
Entry Catalyst Rh content(wt%)
recycle(wt%)

1 Rh/N-AC-650 0.41 0.38
2 Rh/N-AC-850 0.40 0.22




Table S5. Average Bader charge and average state values of Rhs, Rhs in Rhs—Rhc, Rhc in Rhs—Rhc, and Rhn.

Sample Structure Average Bader charge Average state value
Rhs Rhs 14.323 1.355
Rhs-Rhe Rhs 14333 1334
Rhe 14.918 0.082
Rhn Rhn 14.985 0.015
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